INTRODUCTION {#SEC1}
============

Pancreatic ductal adenocarcinoma (PDAC) is a highly aggressive form of cancer and is the fourth leading cause of cancer-related death in the United States with a 5-year survival rate for advanced PDAC of \<5% ([@B1]). Due to limited diagnostic options, a lack of reliable biomarkers and minimal symptoms during early stages, most patients are diagnosed at locally advanced or metastatic stages of PDAC. Unfortunately, early dissemination and a high recurrence rate limit the possibility of surgical resection in a majority of the cases. Moreover, current therapeutic options are ineffective, which is largely attributed to the rapid development of drug resistance and metastasis. Therefore, understanding the molecular mechanisms controlling tumor cell dissemination and metastasis may open new avenues for novel drug development and enhanced patient survival.

PDAC is generally associated with key genetic alterations including activating mutations of the *KRAS* oncogene (\>95% cases) and inactivating mutations in tumor suppressor genes *TP53, SMAD4* and *CDKN2A* ([@B2],[@B3]). However, recent genomic studies have unraveled the complex mutational background of PDAC and the involvement of altered expression of genes controlling key cellular activities including cell cycle regulation, TGFβ signaling, chromatin remodeling and DNA damage repair ([@B4]--[@B8]). These studies provide a deeper insight into the diverse molecular basis of PDAC and may provide novel treatment options for therapeutic targeting based on the specific molecular defects of individual tumors. Notably, the reversible nature of epigenetic events and associated chromatin modifications provide an exciting opportunity for therapeutic intervention as a monotherapy or in combination with standard therapies.

Chromatin structure is highly dynamic in nature. Post-translational modifications of histone and non-histone proteins can be rapidly and dynamically added or removed in a context-dependent manner. Notably, histone acetylation is usually associated with transcriptional activation and is dependent on the activity of two classes of enzymes, histone acetyltransferases (HAT) and deacetylases (HDAC) which add or remove acetylation marks, respectively, at specific lysine residues and thereby play crucial roles in epigenetic regulation of gene expression ([@B9]). Deregulation of the balance between acetylation and deacetylation or aberrant enzymatic activity of HDACs is frequently associated with different types of cancers including PDAC ([@B10],[@B11]). For instance, altered activity of HDACs can result in deregulation of important biological processes including cell proliferation, differentiation, apoptosis and migration ([@B10]). Thus, HDACs present a promising target for anticancer therapy and currently several small molecule inhibitors targeting HDACs (HDACi) are either approved or in clinical trials for treatment of various cancers including advanced or metastatic PDAC ([@B9],[@B12],[@B13]). Interestingly, overexpression of class-I HDACs (including HDAC1, 2, 3 and 8) in PDAC was found to be correlated with poorly differentiated tumors ([@B14],[@B15]). HDACi exert their anticancer activity mainly by inducing a G1 cell cycle arrest, apoptosis and differentiation ([@B16]--[@B18]). Despite the positive results observed in experimental models, to date HDACi have not yielded promising results in clinical trials for most solid tumors including PDAC ([@B9]). Therefore, a better understanding of the molecular mechanisms underlying the action of HDACi is required to design better and more efficient therapeutic strategies for the treatment of PDAC.

The Bromodomain-containing Protein 4 (BRD4) belongs to the BET (bromo- and extraterminal) domain family of proteins which are well characterized 'epigenetic readers' that recognize and bind to acetylated lysine residues on histone and non-histone proteins ([@B19]). Importantly, the discovery of highly selective small molecule inhibitors of BET family proteins (BETi) ([@B20],[@B21]) has revealed a new therapeutic approach to treat cancer which has shown marked efficacy in experimental models of various types of cancer ([@B22]--[@B27]). In particular, BRD4 plays an important role in maintaining inflammation- and cancer-induced transcriptional programs ([@B21],[@B28]). Notably, in addition to its role in controlling oncogene-regulated transcriptional programs, BRD4 also promotes lineage-specific gene transcription ([@B29],[@B30]), further underscoring the important context-specific effects of BETi. Paradoxically, while BETi and HDACi appear to function by affecting competing processes (recognition and removal of acetylation on lysine residues, respectively), combined inhibition of BET proteins and HDACs provided a synergistic effect in inhibiting PDAC cell proliferation *in vitro* and tumor growth *in vivo* ([@B31]). However, the complex interplay between HDACi activity and BET protein function is largely unknown.

In this study, we performed transcriptome- and genome-wide studies to examine the effectivity of HDACi in modulating cellular plasticity in PDAC utilizing 4SC-202, a novel small molecule inhibitor which specifically targets class-I HDACs, as well as two other well characterized class-I HDACis entinostat and mocetinostat. Notably, 4SC-202 largely inhibited TGFβ-regulated gene expression changes and TGFβ-induced epithelial-to-mesenchymal transition (EMT). Additionally, bioinformatic analysis of the transcriptome- (RNA-Seq) and genome-wide chromatin immunoprecipitation-sequencing (ChIP-Seq) data revealed a potential involvement of BRD4 and MYC in regulating gene expression in response to HDACi. Together, our data demonstrate that inhibiting class-I HDACs promotes a differentiated cell phenotype and that HDACi-mediated induction of a subset of genes involves a cooperative mechanism involving BRD4 and MYC.

MATERIALS AND METHODS {#SEC2}
=====================

Cell culture {#SEC2-1}
------------

L3.6, BxPC3 and Panc1 cells were purchased from ATCC (Manassas, VA, USA) and cultured in their respective growth media supplemented with 10% fetal bovine serum (Sigma), 1× Pen/Strep (Sigma) at 37°C under 5% CO~2~. L3.6 cells were grown in phenol red-free Minimum Essential Medium Eagle (MEM; Invitrogen) containing 1× [l]{.smallcaps}-glutamine, BxPC3 cells in phenol red-containing Roswell Park Memorial Institute (RPMI; Invitrogen) 1640 medium and Panc1 cells in phenol red-free Dulbecco\'s modified Eagle\'s medium/F-12 (DMEM/F-12; Invitrogen) growth medium. The authenticity of all cell lines used in this study was authenticated by DNA profiling using eight different and highly polymorphic short tandem repeat (STR) loci. Cells were treated with 4SC-202 (1 μM), mocetinostat (500 nM, Selleckchem), entinostat (500 nM, Selleckchem), JQ1 (250 nM) or DMSO (vehicle) for 24 or 72 h and TGFβ (5 ng/ml; R&D systems) for 72 h as indicated. siRNA transfections were performed using Lipofectamine^®^ RNAiMAX (Invitrogen) according to the manufacturer\'s instructions. SmartPool^®^ siRNA against MYC (Dharmacon) contained the following sequences: 5΄-AACGUUAGCUUCACCAACA-3΄, 5΄-GGAACUAUGACCUCGACUA-3΄, 5΄-GAACACACAACGUCUUGGA-3΄, 5΄-CUACCAGGCUGCGCGCAAA-3΄. siGENOME non-targeting siRNA (Dharmacon; D-001206-13) was used as a negative control.

Quantitative real-time PCR and western blot {#SEC2-2}
-------------------------------------------

RNA was isolated from 70--80% confluent cells (each well of a 6-well plate) using QIAzol^®^ reagent (Qiagen) according to the manufacturer\'s instructions. Total RNA (1 μg) was used for performing reverse transcription using the M-MuLV reverse transcriptase (NEB) as described previously ([@B32]). Real-time PCR reactions were performed in triplicate using a CFX Connect™ Real-Time System (Bio-Rad) in a total reaction volume of 25 μl. Cycling conditions for real-time PCR were as follows: 95°C for 2 min followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. Cycling conditions for ChIP-qPCR were as follows: 95°C for 2 min followed by 46 cycles of 95°C for 10 s and 60°C for 30 s. The expression levels of target genes were quantitated using SYBR Green I (Invitrogen) and normalized to the reference gene *RPLP0* using a standard curve made from all samples. Relative expression is shown as fold induction relative to the vehicle-treated control sample. ChIP samples were normalized to their corresponding input DNA and shown as percent enrichment relative to input. Error bars represent standard deviations from three independent biological replicates (two technical repeats for each sample). Primers were designed using Primer-Blast software from NCBI (<https://www.ncbi.nlm.nih.gov/tools/primer-blast/>) and purchased from Sigma-Aldrich, Germany. The primers utilized in this study are listed in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}.

Whole cell lysates were prepared in RIPA buffer containing protease inhibitors and western blotting was performed as described previously ([@B32]). Following sonication, samples were boiled at 95°C for 10 min in SDS-containing loading dye. Subsequently, samples were subjected to polyacrylamide gel electrophoresis (PAGE). Antibodies against specific proteins utilized in this study are listed in [Supplementary Table S2](#sup1){ref-type="supplementary-material"}.

Migration assay and immunofluorescence staining {#SEC2-3}
-----------------------------------------------

Transwell migration assays were performed as described previously ([@B32]). Initially, 2.5 × 10^4^ cells were seeded into cell culture inserts containing 8.0 μm pores (BD Biosciences). The following day, cells were treated with either 4SC-202 or vehicle and allowed to migrate for another 48 h. After removing the cells on the inner side of the inserts, migrated cells were fixed with 100% methanol for 10 min and subsequently stained with 0.1% (w/v) crystal violet dissolved in 2% (v/v) ethanol for 10 min.

Immunofluorescence staining was performed as described previously ([@B33]). Briefly, cells grown on coverslips were fixed with 4% paraformaldehyde for 10 min and permeabilized with 0.1% Triton X-100 in PBS. Blocking was performed with 10% FBS in PBS and subsequently the coverslips were incubated with the primary antibody diluted in blocking solution overnight at 4°C. The following day, cells were incubated with conjugated secondary antibodies at room temperature and subsequently nuclei were stained with DAPI (Sigma, D9542). The coverslips were mounted on glass slides using mounting medium (Dako, S3023). Fluorescent staining was observed using an AXIO Scope.A1 microscope (Zeiss) and images were processed with the ZEN 2 lite software. Primary and secondary antibodies utilized in this study are listed in [Supplementary Table S2](#sup1){ref-type="supplementary-material"}.

Cell proliferation assay and quantification {#SEC2-4}
-------------------------------------------

To measure the proliferation capacity of the cells, 10 000 cells were seeded in each well of a 6-well plate. Cells were treated with 1 μM 4SC-202 for 7 days, fixed with 100% methanol for 10 min and cells were stained with 0.1% crystal violet solution for 20 min at room temperature. Plates were scanned and quantification was performed by using ImageJ software ([@B34]). The average of three biological replicates was used to perform the analysis and data are shown as 'relative % area'.

Sphere formation assay {#SEC2-5}
----------------------

The sphere formation assay was performed in Corning^®^ 96-well clear flat bottom ultra-low-attachment microplates. Cells were trypsinized and 500 cells/well were seeded in serum-free DMEM/F12 medium containing 5 ng/ml insulin, 20 ng/ml basic fibroblast growth factor (bFGF), 2% B27 (serum-free supplement), 20 ng/ml epidermal growth factor (EGF) and 1% N2-supplement ([@B35]). The following day the cells were treated with DMSO or 4SC-202 and grown for 7 days. The number of spheres in each well was counted microscopically and the average of biological triplicates was used for quantitation and statistics.

Xenograft study {#SEC2-6}
---------------

For each animal, one million tumor cells were resuspended in 20 μl of a 1:1 mixture of DMEM medium and BD Matrigel Matrix High Concentration (HC), Growth Factor Reduced (GFR) (BD Bioscience) and kept on ice until transplantation. Nine week old virgin NMRI foxn1nu/nu mice (Janvier Labs) were anesthetized by isoflurane inhalation (2--3%, Forene). The cell suspensions were injected under sterile conditions subcutaneously with a 0.3 ml Micro-Fine syringe (BD Bioscience) into the left abdominal flank. After tumors were palpable (size = 100 mm^3^), mice were randomly divided into two groups (*n* = 12 per group) as control and treated. Animals were treated with either vehicle (methylcellulose) or 4SC-202 (120 mg/kg in methylcellulose) for 4 days (b.i.d) via oral gavage and then followed for another week until sacrificing. Mouse weight and tumor size were measured daily.

Chromatin immunoprecipitation, library preparation and next-generation sequencing {#SEC2-7}
---------------------------------------------------------------------------------

Chromatin immunoprecipitation (ChIP) was performed in L3.6 cells treated with DMSO or 4SC-202 in three biological replicates for each condition as described previously ([@B30]). Briefly, cells were cross-linked with 1% formaldehyde (in PBS) for 20 min (for BRD4) or 10 min (for histone modifications) at room temperature. Cross-linking was quenched by adding 1.25 M Glycine for 5 min. Cells were lysed, collected by scraping and nuclear pellets were washed in a nuclear preparation buffer consisting of 5 mM EDTA, 150 mM NaCl, 50 mM Tris--HCl (pH 7.5), NP-40 (0.5%, v/v), Triton X-100 (1%, v/v). Nuclear pellets were resuspended in the lysis buffer and sonicated using a Bioruptor^®^ Pico (Diagenode) with 30 s on/off pulse. After sonication, precleared (50% Sepharose 4B from GE Healthcare) chromatin extract was subjected to immunoprecipitation by overnight incubation with the specific antibody. Non-specific IgG was used as a negative control. The following day, samples were incubated with Protein-A Sepharose (GE Healthcare) for 2 h at 4°C, immune complexes were washed, de-crosslinked and DNA was extracted.

Prior to library preparation, DNA samples were sonicated again for 40 cycles (total volume 10 μl) to ensure fragment sizes of ≤300 bp. DNA was quantitated using the Qubit^®^ dsDNA HS assay and a Qubit^®^ 2.0 Fluorimeter (Invitrogen). Three to five nanogram of fragmented DNA was used for generating the ChIP-Seq libraries using the MicroPlex Library Preparation Kit (Diagenode) according to the manufacturer\'s instructions. Five hundred ng total RNA from L3.6, BxPC3 and Panc1 cells was used to generate RNA-Seq libraries (three biological replicates for each condition) using the NEXTflex Rapid Directional RNA-Seq Kit (Bioo Scientific) following the manufacturer\'s instructions. Following library preparation, size and quality was checked using a Bioanalyzer 2100 (High Sensitivity DNA assay). Single-end sequencing (50 bp) was performed using the HiSeq 2000 Illumina platform at the Transcriptome and Genome Analysis Laboratory of the University Medical Center Göttingen, Germany.

Bioinformatic analysis of ChIP- and RNA-sequencing {#SEC2-8}
--------------------------------------------------

Prior to further analysis, a quality control check of the raw sequencing data (FASTQ files) was performed by using FastQC on Galaxy (Galaxy Version 0.65) ([@B36]). FASTQ files were aligned to the human reference genome (assembly hg19) using Bowtie2 with very-sensitive pre-sets in end-to-end mode ([@B37]). Subsequently, mapped files were utilized to perform peak calling with Model-based Analysis of ChIP-Seq 2 (MACS2) (Galaxy Version 2.1.0.20151222.0) with default settings and --*broad* options ([@B38]). The minimum FDR cutoff for peak detection (q-value) was set to 0.05. Normalization (reads per kilobase per million or RPKM) of the ChIP-Seq data was performed using the bamcoverage tool on deepTools (Galaxy Version 2.3.6.0) by utilizing the merged BAM files ([@B39]). The normalized ChIP-Seq data was visualized on Integrative Genomics Viewer (IGV) ([@B40]). Heatmaps were generated on deeptools2 and aggregate plots on Cistrome Galaxy. Differential binding analysis was performed to determine the H3K27ac-enriched regions using the DiffBind R-package (R version 3.2.2) ([@B41]). Genomic Regions Enrichment of Annotations Tool (GREAT) was utilized to determine the genes associated with H3K27ac-enriched regions obtained from DiffBind analysis ([@B42]). ReMap (Regulatory Map of Transcription Factor Binding Sites) was used to determine the enrichment of transcription factors and cofactors associated with H3K27ac-enriched regions that were increased, decreased or unchanged upon 4SC-202 treatment ([@B43]). BED files for BRD4 and MYC binding sites were downloaded from ReMap.

For RNA-Seq data, FASTQ files were mapped to the reference human transcriptome (hg19) using the TopHat tool on Galaxy with 'very sensitive' and 'end-to-end' Bowtie2 settings. BAM files were sorted using SortSam (version 1.126.0) from Picard tools on Galaxy. The read counting was performed using the HT-Seq tool (version 0.6.0) (with parameters -f bam -r pos -s reverse -a 10 -t exon -m union) ([@B44]) and count files were used for differential gene expression analysis using the DESeq2 ([@B45]) package on R (Bioconductor version 3.2.2). Heatmaps were generated using heatmap.2 (gplots R package). Gene Set Enrichment Analysis (GSEA) was performed with default settings (1000 permutations for gene sets, Signal2Noise metric for ranking genes). For enrichment of TGFβ-mediated downregulated genes (log2FC≤-1 and *P*≤0.05) in L3.6 and BxPC3 cells (4SC-202 vs Vehicle) or Panc1 cells (4SC-202+TGFβ vs TGFβ), predefined gene list based on RNA-Seq data were selected. In other cases, the gene ontology (GO) set c5.all was used for enrichment analysis. GO analysis was performed using the Database for Annotation, Visualization and Integrated Discovery (DAVID) and GO categories with FDR \<0.05 considered significant.

Statistical analysis {#SEC2-9}
--------------------

All data are represented as mean ± SD. For calculating the statistical significance of qRT-PCR data, cell proliferation and sphere formation assay a one-way ANOVA test was used. Two-way ANOVA tests were performed for calculating statistical significance of mouse data. A *P-value* of ≤0.05 was considered as significant. *P-values* ≤0.05, ≤0.01, ≤0.001 are shown as single (\*), double (\*\*) and triple (\*\*\*) asterisks, respectively.

RESULTS {#SEC3}
=======

4SC-202 inhibits cell proliferation *in vitro* and *in vivo* {#SEC3-1}
------------------------------------------------------------

4SC-202 is a novel HDACi, reported to also target Lysine-Specific Demethylase-1 (LSD1) ([@B46]), but displaying a high specificity towards class-I HDACs. We sought to specifically examine the potential anti-tumor effects of the HDACi activity of 4SC-202 in PDAC. Initially, we verified the HDACi activity of 4SC-202 by examining global levels of H3K27ac following treatment and observed increased acetylation in two different pancreatic cancer cell lines, L3.6 and BxPC3 (Figure [1A](#F1){ref-type="fig"}). Consistent with previous studies demonstrating that HDACi modulate cell proliferation, at least in part, by inducing the expression of the cell cycle inhibitor p21 (*CDKN1A)* ([@B47]), 4SC-202 significantly decreased proliferation of both cell lines (Figure [1B](#F1){ref-type="fig"}, [C](#F1){ref-type="fig"}) and concomitantly increased p21 protein levels (Figure [1D](#F1){ref-type="fig"}). To examine the *in vivo* effects of 4SC-202 treatment, we implanted L3.6 cells into immune-deficient mice and allowed tumors to develop. Subsequently, mice were randomly divided into two groups (n = 12) and treated acutely with either methylcellulose (vehicle) or 4SC-202 for 4 days (b.i.d.) and monitored tumor growth for an additional week. Consistent with the observed *in vitro* effects, tumor size was significantly reduced in 4SC-202-treated mice compared to the vehicle-treated group (Figure [1E](#F1){ref-type="fig"}). Body weight was routinely monitored in this study and exposure was verified in a separate pharmacokinetics study for 4SC-202 in a cohort of healthy animals using the same treatment dose ([Supplementary Figure S1A and B](#sup1){ref-type="supplementary-material"}).

![4SC-202 exerts growth inhibitory and differentiation-promoting effects. (**A**) Western blot analysis of H3K27ac in L3.6 and BxPC3 cells treated either with 1 μM 4SC-202 or DMSO (control cells). Total H3 was used as a loading control. (**B, C**) Cell proliferation assays were performed in L3.6 and BxPC3 cells to determine the anti-proliferative effects of 4SC-202. Cells were treated either with 4SC-202 or DMSO (control) and allowed to grow for 5 days. Colonies formed were visualized by staining with 0.1% crystal violet solution. Stained areas (left) were quantified and displayed as 'relative fraction area' (right). Data are represented as mean ± SD. *n* = 3. \*\*\**P* ≤ 0.005, \*\**P* ≤ 0.01, \**P* ≤ 0.05. (**D**) Western blot analysis of p21 protein levels in L3.6 and BxPC3 cells following 4SC-202 treatment. HSC70 was used a loading control. (**E**) Anti-tumor effects of 4SC-202 were examined by xenograft studies. Cells were implanted into immune-deficient mice and allowed to develop into tumors. Mice were randomly divided into two groups (*n* = 12) and treated either with vehicle or 4SC-202 for 4 days (twice daily). The graph depicts the tumor volume recorded daily for 12 days and T/C (treatment-to-control ratio) value. (**F**) Western blot analysis of CD24 protein levels in L3.6 and BxPC3 cells following 4SC-202 treatment. HSC70 was used a loading control. (**G**) Western blot analysis of CD24 protein levels in L3.6 cells following mocetinostat or entinostat treatment. (**H, I**) Sphere formation assay was performed in L3.6 and BxPC3 cells. Approximately 500 cells were seeded in each well of a 96-well plate and cells were treated with DMSO or 1 μM 4SC-202. The number of spheres was counted microscopically across three wells. Data are represented as mean ± SD. *n* = 3. \*\*\**P* ≤ 0.005, \*\**P* ≤ 0.01, \**P* ≤ 0.05. (**J**) Sphere formation assay was performed in L3.6 cells as described in (H, I). Cells were treated with 500 nM mocetinostat or entinostat.](gkx212fig1){#F1}

A characteristic feature of HDACi in many tumor and cell types is the induction of a more differentiated phenotype ([@B48],[@B49]). Since a recent study demonstrated that membranous CD24 expression was correlated with a more differentiated phenotype in PDAC ([@B50]), we examined the effects of 4SC-202 treatment on CD24 expression. Notably, CD24 protein levels were significantly increased following 4SC-202 treatment (Figure [1F](#F1){ref-type="fig"}). Furthermore, we also examined the effects of two other well characterized class-I HDACi entinostat and mocetinostat on CD24 expression. Both inhibitors significantly increased CD24 protein levels (Figure [1G](#F1){ref-type="fig"}). Given the established connection between high CD24 expression and a differentiated phenotype in PDAC, we next tested the effects of 4SC-202 on stem-cell like characteristics in the cells. The sphere formation assay is a widely used method to assess the clonogenic growth potential of cells, a feature associated with stem cell-like characteristics ([@B51]). We observed a significant reduction in sphere-forming abilities of both L3.6 and BxPC3 cells upon 4SC-202 treatment (Figure [1H](#F1){ref-type="fig"} and [I](#F1){ref-type="fig"}). These findings were confirmed by treating L3.6 cells with mocetinostat and entinostat, which both elicited a similar significant decrease in sphere formation (Figure [1J](#F1){ref-type="fig"}). Together, these results revealed growth inhibitory and differentiation-promoting effects of 4SC-202 in PDAC cells.

TGFβ-induced gene repression is blocked by 4SC-202 {#SEC3-2}
--------------------------------------------------

To investigate the transcriptome-wide effects of 4SC-202 on gene expression we performed RNA-Seq studies in L3.6 and BxPC3 cells. Both cell lines exhibited similar responses as depicted in the heatmap displaying all significantly regulated genes (log~2~ FC ± 0.75, *p*~adj~ ≤ 0.05) in either cell line (Figure [2A](#F2){ref-type="fig"}). To obtain a deeper insight into the gene expression patterns altered in response to 4SC-202 treatment we performed gene set enrichment analysis (GSEA). Interestingly, significantly enriched pathways were associated with differentiation-related phenotypes such as tissue development and cell-cell signaling (Figure [2B](#F2){ref-type="fig"}). Gene ontology (GO) analysis revealed that the genes upregulated in both cells lines upon 4SC-202 treatment were mainly associated with cell cycle-related processes (Figure [2C](#F2){ref-type="fig"}) while downregulated genes were enriched in pathways involving migration and cell-adhesion (Figure [2D](#F2){ref-type="fig"}), pointing towards a potential role of 4SC-202 in regulating EMT. To further investigate this possibility, we utilized Panc1 cells, which undergo EMT upon TGFβ stimulation ([@B33],[@B52]), and examined the transcriptome-wide effects in combination with TGFβ treatment. As shown in the heatmap in Figure [2E](#F2){ref-type="fig"}, 4SC-202 significantly attenuated TGFβ-induced gene repression. Based on this observation, we hypothesized that TGFβ-induced gene repression relies upon HDACs and blocking their activity with 4SC-202 could revert this phenotype even in other cell systems. Therefore, we examined the effects of 4SC-202 on the set of TGFβ-downregulated genes (*P*~adj~ ≤ 0.05, log~2~ FC ≤ --1) identified from Panc1 RNA-Seq data and observed a positive enrichment of this set of genes following 4SC-202 treatment, not only in Panc1 cells, but also both in L3.6 and BxPC3 cells (Figure [2F](#F2){ref-type="fig"}).

![4SC-202 impairs TGFβ-induced gene expression changes. (**A**) The heatmap depicts the similarity in transcriptome-wide effects of 4SC-202 in L3.6 and BxPC3 cells. Heatmaps were generated by selecting significantly (padj≤0.05) up- (log~2~ FC ≥ 0.75, red) or downregulated (log~2~ FC ≤ --0.75, green) genes in 4SC-202-treated samples compared to the vehicle-treated samples in either cell line. (**B**) GSEA plots from differentially regulated genes in RNA-Seq data from L3.6 and BxPC3 cells. Significantly enriched pathways are shown. FDR ≤ 0.05 was considered to be significant. In the graph, NES (normalized enrichment score) and FDR (false discovery rate) are indicated. (**C, D**) Gene ontology (GO) analysis on biological process (BP) for significantly up- or downregulated genes from L3.6 and BxPC3 cells. Analysis was performed using the DAVID online tool. Plots are shown for significantly enriched pathways. *P*~val~ ≤ 0.05 was considered as significant. (**E**) Heatmap depicting the effects of 4SC-202 on TGFβ-regulated genes from RNA-Seq data in Panc1 cells. All genes found to be significantly (*P*~adj~ ≤ 0.05) up- (log~2~ FC ≥ 1, red) or downregulated (log~2~ FC ≤ --1, green) by TGFβ are shown. (**F**) GSEA plots depict the 4SC-202 effects in the three cell lines (Panc1, L3.6 and BxPC3) on a set of genes identified as being downregulated by TGFβ in Panc1 RNA-Seq data. FDR ≤ 0.05 was considered to be significant.](gkx212fig2){#F2}

4SC-202 attenuates TGFβ-induced EMT {#SEC3-3}
-----------------------------------

To confirm the ability of 4SC-202 to block EMT we examined the effect of 4SC-202 on classical epithelial and mesenchymal markers in Panc1 cells following TGFβ stimulation. Consistent with the transcriptome-wide blockade of TGFβ-induced gene expression changes, 4SC-202 significantly attenuated the TGFβ-induced downregulation of mRNA levels of epithelial-related genes (E-cadherin encoded by *CDH1, TJP3* and *MMP2*) as well as the upregulation of mesenchymal-related genes (N-cadherin encoded by *CDH2, SNAI1* and *ZEB1*; Figure [3A](#F3){ref-type="fig"}). Consistently, we also observed a similar increase in the protein levels of E-cadherin as well as decreases in the protein levels of the mesenchymal markers ZEB1, Vimentin, N-cadherin and SNAI1 (Figure [3B](#F3){ref-type="fig"}). These effects were further confirmed in immunofluorescence analyses, where TGFβ-induced downregulation of E-cadherin and upregulation of ZEB1 were blocked by 4SC-202 (Figure [3C](#F3){ref-type="fig"}). Interestingly, 4SC-202-treatment in Panc1 cells also blocked the TGFβ-induced phosphorylation of SMAD2/3 (Figure [3B](#F3){ref-type="fig"}), suggesting that it may generally inhibit TGFβ signaling. Notably, downregulation of both ZEB1 and SNAI1 was also observed in both L3.6 and BxPC3 cells as well (Figure [3D](#F3){ref-type="fig"}), showing that these effects can be observed even in the absence of extrinsic activation of TGFβ signaling. Consistent with the proposed importance of EMT in promoting tumor cell migration and metastasis, it was previously shown that TGFβ treatment enhanced the migratory potential of Panc1 cells ([@B52]). Notably, 4SC-202 treatment also attenuated the TGFβ-induced migration of these cells (Figure [3E](#F3){ref-type="fig"}). Moreover, as observed in the L3.6 and BxPC3 cell lines (Figure [1F](#F1){ref-type="fig"}), the expression of the epithelial differentiation marker CD24 was increased both at the mRNA (Figure [3F](#F3){ref-type="fig"}) and protein (Figure [3G](#F3){ref-type="fig"}) levels following 4SC-202 treatment of Panc1 cells, independent of TGFβ treatment. Similarly, Panc1 cell proliferation was markedly reduced following 4SC-202 treatment (Figure [3H](#F3){ref-type="fig"}), accompanied by increased p21 protein levels (Figure [3I](#F3){ref-type="fig"}). Together, these results demonstrate that treatment with 4SC-202 can reverse EMT-associated gene repression.

![4SC-202 attenuates TGFβ-induced EMT. (**A**) Gene expression analysis of epithelial (upper panels) and mesenchymal markers (lower panels) in Panc1 cells. Cells were treated with 5 ng/ml TGFβ and/or 4SC-202 (1 μM) and DMSO (vehicle) for 72 h. The relative expression of epithelial markers (*CDH1, TJP3* and *MMP2*) and mesenchymal markers (*CDH2, SNAI1* and *ZEB1*) were analyzed by qRT-PCR and are shown as 'relative mRNA levels' compared to the expression of an unregulated reference gene (*RPLP0*). Data are represented as mean ± SD. *n* = 3. \*\*\**P* ≤ 0.005, \*\**P* ≤ 0.01, \**P* ≤ 0.05. (**B**) Western blot analysis of epithelial (E-cadherin) and mesenchymal markers (N-cadherin, Vimentin, SNAI1, ZEB1) and phosphorylated SMAD2/3 in Panc1 cells. Cells were treated as in (A). HSC70 was used as a loading control. (**C**) Immunofluorescence staining for epithelial (E-cadherin) and mesenchymal (ZEB1) markers in Panc1 cells treated as in (A). Nuclei were stained with DAPI. Scale bar represents 10 μm. (**D**) Western blot analysis of ZEB1 and SNAI1 in L3.6 and BxPC3 cells following 4SC-202 treatment. HSC70 was used as a loading control. (**E**) Transwell migration assay was performed in Panc1 cells treated as in (A). Migrated cells were stained with 0.1% crystal violet and visualized microscopically. (**F**) Gene expression analysis of *CD24* in Panc1 cells. Relative expression of *CD24* was analyzed by qRT-PCR and is shown as 'relative mRNA levels' compared to the expression of an unregulated reference gene (*RPLP0*). Data are represented as mean ± SD. *n* = 3. \*\*\**P* ≤ 0.005, \*\**P* ≤ 0.01, \**P* ≤ 0.05. (**G**) Western blot analysis of CD24 in Panc1 cells as in (B). HSC70 was used as a loading control. (H) Cell proliferation was analyzed in Panc1 cells treated with 4SC-202 or DMSO. Stained areas (left) were quantified and displayed as 'relative area fraction' (right). Data are represented as mean ± SD. *n* = 3. \*\*\**P* ≤ 0.005, \*\**P* ≤ 0.01, \**P* ≤ 0.05. (**I**) Western blot analysis of p21 protein levels in Panc1 cells treated with TGFβ and/or 4SC-202 and control cells treated with DMSO as in (B and G). HSC70 was used as loading control.](gkx212fig3){#F3}

4SC-202 upregulated genes are co-occupied by BRD4 and MYC {#SEC3-4}
---------------------------------------------------------

In order to uncover epigenetic regulatory mechanisms underlying the differential effects of 4SC-202 on the regulation of gene expression we performed genome-wide occupancy studies for H3K27ac and H3K4me3, histone marks associated with active transcription, in L3.6 cells. Consistent with the inhibitory function of HDACs in transcriptional regulation, 4SC-202 treatment significantly increased the levels of H3K27ac around the transcriptional start site (TSS) of genes globally (Figure [4A](#F4){ref-type="fig"} and [B](#F4){ref-type="fig"}). Furthermore, H3K4me3 levels were also increased globally around the TSS of genes upon 4SC-202 treatment ([Supplementary Figure S2A, B](#sup1){ref-type="supplementary-material"}). Interestingly, genomic regions associated with significant increases in H3K27ac upon 4SC-202 treatment were mainly confined to the 5 kb region around the TSS (Figure [4C](#F4){ref-type="fig"}). Given the positive correlation between the activating histone modifications and gene expression, we sought to determine whether the 4SC-202-mediated increase in H3K27ac and H3K4me3 marks was associated with changes in gene expression. Thus, we utilized our RNA-Seq data from L3.6 cells to group genes into three categories based on the effects of 4SC-202 treatment on mRNA levels as follows: upregulated (*P*~adj~ ≤ 0.05 and log~2~ FC ≥ 1), unchanged (*P*~adj~ \> 0.8, abs(log~2~ FC) ≤ ±0.2) and downregulated (*p*~adj~ ≤ 0.05, log~2~ FC ≤ --0.75) upon 4SC-202 treatment. Surprisingly, H3K27ac and H3K4me3 levels were consistently increased around the TSS of all the three groups of genes to a similar extent in response to 4SC-202 treatment, irrespective of the effects on gene expression ([Supplementary Figure S2C and D](#sup1){ref-type="supplementary-material"}). Given the similarity in the effects of HDACi treatment on the occupancy of activating histone marks around the TSS of genes, we hypothesized that different transcription factors (TFs) and co-factors may be required for the differential effects of 4SC-202 treatment on target gene expression. Therefore, we utilized the ReMap (Regulatory Map of TF Binding Sites) analysis tool ([@B43]) to identify potential factors whose occupancy overlapped that of proximal H3K27ac-enriched regions associated with upregulated, unchanged and downregulated genes. As expected, all three categories were enriched for general TFs such as TBP and TAF1. However, only the TSS of upregulated genes showed an enrichment of BRD4 and MYC among the top ten most highly enriched factors (Figure [4D](#F4){ref-type="fig"} and [Supplementary Figure S2E, F](#sup1){ref-type="supplementary-material"}). Notably, 551 out of 618 H3K27ac-enriched regions associated with upregulated genes displayed an overlap with regions occupied by both BRD4 and MYC from published datasets. To investigate the role of BRD4 and MYC in mediating gene induction following 4SC-202 treatment we examined a subset of genes (*CDH1, KRT80, TJP1 and KLF4*) associated with a more differentiated phenotype ([@B53]--[@B59]), which were upregulated in response to 4SC-202 treatment. Consistent with our genome-wide analyses, single gene ChIP-qPCR analyses confirmed that all four genes exhibited a notable increase in H3K27ac occupancy near the TSS following 4SC-202 treatment (Figure [4E](#F4){ref-type="fig"} and [F](#F4){ref-type="fig"}). Taken together these results reveal that, while treatment with the HDACi 4SC-202 results in an increase in H3K27ac and H3K4me3 around the TSS of genes globally, genes upregulated in response to 4SC-202 display a co-occupancy of BRD4 and MYC.

![Genes upregulated by 4SC-202 and displaying increased H3K27ac levels are enriched for BRD4 and MYC occupancy. (**A**) Average intensity profile of normalized H3K27ac (RPKM) signals around the TSS (±5 kb) of the genes in L3.6 cells treated with DMSO or 4SC-202. (**B**) Heatmaps depict the average occupancy of H3K27ac around the TSS (±3 kb) of all genes in L3.6 cells treated with DMSO or 4SC-202. (**C**) GREAT analysis was performed on regions displaying increased H3K27ac following 4SC-202 treatment obtained from DiffBind analysis. Bar graph from GREAT analysis shows the enrichment and orientation of H3K27ac-enriched regions relative to the nearest TSS. (**D**) ReMAP analysis was performed on H3K27ac-enriched regions associated with upregulated (*P*~adj~ ≤ 0.05 and log~2~ FC ≥ 1) genes upon 4SC-202 treatment. Top 10 significantly enriched hits (log~10~-E-value) are shown in the bar graph. (**E**) H3K27ac profile for a subset of 4SC-202-upregulated genes (*CDH1, KRT80, TJP1* and *KLF4*) in L3.6 cells in control (DMSO, black) and 4SC-202-treated (red) conditions. Scale bar represents 10 kb. The black arrow indicates the TSS and direction of transcription. (**F**) ChIP analysis of H3K27ac on the TSS of the *CDH1, KRT80, TJP1* and *KLF4* genes in L3.6 cells treated with 4SC-202. Immunoprecipitated DNA was compared to input and shown as percentage. IgG was used as a negative control to indicate experimental background and is shown as a red dotted line. Data are represented as mean ± SD. *n* = 3.](gkx212fig4){#F4}

BRD4 and MYC are required for 4SC-202-mediated upregulation of gene expression {#SEC3-5}
------------------------------------------------------------------------------

Based on the enrichment of MYC and BRD4 on genes induced by 4SC-202 treatment as identified by ReMap analyses, we hypothesized that inhibition of BRD4 or siRNA-mediated depletion of MYC (siMYC) should block the HDACi-mediated induction of this subset of upregulated genes. Therefore, we utilized the small molecule inhibitor of the Bromodomain and Extraterminal (BET) family of factors (BETi), JQ1, which specifically prevents the binding of BRD4 to acetylated chromatin ([@B20]). Interestingly, treatment with JQ1 or siRNA-mediated depletion of MYC had no significant effects on the basal expression of the *CDH1, KRT80, TJP1* and *KLF4* genes, while significantly blocking the increase in gene expression in response to 4SC-202 treatment (Figure [5A](#F5){ref-type="fig"} and [B](#F5){ref-type="fig"}). Consistent with this effect being a general consequence of class-I HDAC inhibition, mocetinostat and entinostat also elicited a significant increase in the expression of these genes, which could be efficiently blocked by JQ1 or siMYC treatment (Figure [5C](#F5){ref-type="fig"}). As a control, we also investigated the effects of BRD4 and MYC perturbation on the expression of *CDKN1A* and *CD24*. Interestingly, JQ1 treatment and MYC depletion each resulted in increased *CDKN1A* expression, even in the absence of 4SC-202 treatment, and had no or only modest effects on 4SC-202-induced expression. Similarly, JQ1 had no effect on either basal or 4SC-202-induced *CD24* expression, while MYC perturbation resulted in a slight increase in basal and reduction in 4SC-202-induced *CD24* expression ([Supplementary Figure S3A and B](#sup1){ref-type="supplementary-material"}).

![Genes induced by 4SC-202 treatment require BRD4 and MYC for their induction. (**A, B**) Gene expression analysis of *CDH1, KRT80, TJP1* and *KLF4* genes in L3.6 cells treated with JQ1 (250 nM) or depleted for MYC (siMYC) under control conditions or in combination with 4SC-202 (1 μM) treatment. Relative expression was analyzed by qRT-PCR and shown as 'relative mRNA levels' compared to the expression of an unregulated reference gene (*RPLP0*). Data are represented as mean ± SD. *n* = 3. \*\*\**P* ≤ 0.005, \*\**P* ≤ 0.01, \**P* ≤ 0.05. (**C**) Gene expression analysis of *CDH1, KRT80, TJP1* and *KLF4* genes in L3.6 cells treated with mocetinostat or entinostat (500 nM) with or without treatment with JQ1 (250 nM) or depletion of MYC (siMYC). (**D**) ChIP analysis of BRD4 on the *CDH1, KRT80, TJP1* and *KLF4* genes in L3.6 cells treated with vehicle, JQ1 (250 nM) or 4SC-202 (1 μM) as indicated. Immunoprecipitated DNA was compared to input and shown as percentage. IgG antibody was used as a negative control to indicate experimental background and is shown as a red dotted line. Data are represented as mean ± SD. *n* = 3.](gkx212fig5){#F5}

We next performed ChIP-qPCR to examine BRD4 enrichment near the TSS of the *CDH1, KRT80, TJP1* and *KLF4* genes, to confirm its increased recruitment to upregulated genes upon 4SC-202 treatment as well as the ability of JQ1 to prevent this effect. Consistent with our gene expression studies, ChIP-qPCR results showed a significant increase in BRD4 recruitment in response to 4SC-202 treatment and this effect could be blocked by JQ1 treatment (Figure [5D](#F5){ref-type="fig"}). Together, these results reveal a positive and specific role of BRD4 and MYC in 4SC-202-induced increases in gene expression.

4SC-202-mediated enhancer deactivation is associated with gene repression {#SEC3-6}
-------------------------------------------------------------------------

While the mechanisms by which HDACi active gene expression is relatively well understood, much less is known about how HDACi treatment leads to gene repression. Thus, we investigated the mechanism behind decreased expression of a subset of genes in response to 4SC-202 treatment. We performed GREAT analysis on the genomic regions which were associated with decreased H3K27ac upon 4SC-202 treatment. Interestingly, this revealed that decreased H3K27ac was associated primarily with regions distal to the TSS (±5--500 kb, Figure [6A](#F6){ref-type="fig"}). Moreover, regions with decreased H3K27ac were found to be associated with a subset of genes (e.g. *SMAD6* and *E2F8*) downregulated in response to 4SC-202 treatment. To confirm these findings, we performed gene expression analysis for *SMAD6* and *E2F8* and observed a significant reduction in their mRNA levels upon 4SC-202, but not JQ1 treatment (Figure [6B](#F6){ref-type="fig"}). Interestingly, both *SMAD6* and *E2F8* showed a marked increase in H3K27ac occupancy near the TSS, but significantly decreased occupancy at distal regions up- and downstream of the TSS (marked with black boxes; Figure [6C](#F6){ref-type="fig"} and [E](#F6){ref-type="fig"}). This effect was verified by independent ChIP-qPCR studies, which confirmed a significant increase in H3K27ac occupancy at the TSS region of *SMAD6* and *E2F8*, but a marked decrease at the investigated distal sites (Figure [6D](#F6){ref-type="fig"} and [F](#F6){ref-type="fig"}). Together these results revealed that the HDACi-mediated decrease in H3K27ac occupancy at the distal regions of a subset of genes is most likely associated with enhancer deactivation and an associated downregulation of target gene expression.

![4SC-202-mediated enhancer deactivation accompanies downregulation of a subset of genes. (**A**) GREAT analysis was performed on regions associated with decreased H3K27ac in response to 4SC-202 treatment obtained from DiffBind analysis. Bar graph from GREAT analysis shows the association of decreased H3K27ac with distal regions (±5 kb from TSS). (**B**) Gene expression analysis of *SMAD6* and *E2F8* genes in L3.6 cells treated with 4SC-202 (1 μM) or JQ1 (250 nM) alone or in combination. Relative expression was analyzed by qRT-PCR and shown as 'relative mRNA levels' compared to the expression of an unregulated reference gene (*RPLP0*). Data are represented as mean ± SD. *n* = 3. \*\*\**P* ≤ 0.005, \*\**P* ≤ 0.01, \**P* ≤ 0.05. (**C**) H3K27ac profile for *SMAD6* in control (DMSO, blue) and 4SC-202-treated (red) conditions. The black arrow indicates the TSS and direction of transcription. (**D**) ChIP analysis of H3K27ac at TSS, +156, +175 and +224 kb regions of *SMAD6* in L3.6 cells treated with 4SC-202 (1 μM). Immunoprecipitated DNA was compared to input and shown as percentage. IgG antibody was used as a negative control to indicate experimental background levels and is shown as a red dotted line. Data are represented as mean ± SD. *n* = 3. (**E**) H3K27ac profile for *E2F8* in control (DMSO, black) and 4SC-202-treated (red) conditions. The black arrow indicates the TSS and direction of transcription. (**F**) ChIP analysis of H3K27ac at TSS and +8 kb regions of *E2F8* in L3.6 cells treated with 4SC-202. Immunoprecipitated DNA was compared to input and shown as percentage. IgG antibody was used as a negative control to determine experimental background and is shown as a red dotted line. Data are represented as mean ± SD. *n* = 3.](gkx212fig6){#F6}

DISCUSSION {#SEC4}
==========

HDAC inhibitors have been the subject of significant interest and intense research due to their potential utility as anticancer therapeutic agents. However, in light of the very moderate clinical success as single agents in PDAC to date ([@B9]), a better understanding of their underlying molecular mechanisms of action will be essential for their optimal clinical utilization and combination with other agents. Here, we have examined the potential utility of the HDAC class-I-specific inhibitors 4SC-202, entinostat and mocetinostat to induce a more differentiated phenotype, as well as attenuating tumorigenic properties and cell proliferation in PDAC tumor cells.

Our results reveal that 4SC-202 attenuates TGFβ-induced EMT and restores the expression of a TGFβ-repressed gene signature in heterologous cell lines. Whole-exome sequencing studies have shown that the TGFβ pathway is frequently altered in PDAC ([@B6]), including the BxPC3 cell line used here ([@B60]). TGFβ is one of the most potent inducers of EMT and chemoresistant PDAC cells have been shown to display an EMT-like phenotype with enhanced migration and invasive capacity ([@B61],[@B62]). TGFβ signaling has also been demonstrated to be associated with the production of extra-cellular matrix (ECM) proteins, major components of the stromal microenvironment in PDAC ([@B63],[@B64]). Interestingly, 4SC-202-regulated genes were significantly enriched for extracellular matrix-associated gene sets. A recent study highlighted the potential role of HDAC class-I specific inhibitors in restoring chemosensitivity in resistant PDAC cells by inhibiting expression of the EMT-associated transcription factor ZEB1 ([@B65]). Moreover, ZEB1 and HDACs (HDAC1 and 2) were reported to be involved in the repression of E-cadherin *(CDH1)* expression in PDAC, which was attenuated by HDACi treatment ([@B66]). Given the inhibitory function of 4SC-202 on EMT phenotype, our data suggest that the enhancement or restoration of chemosensitivity in PDAC cells may be a general feature of HDAC class-I inhibitors.

Inhibition of HDACs results in hyperacetylation of histones and other proteins which can impact transcription in both positive and negative ways. Interestingly, although both H3K27ac and H3K4me3 levels increased globally on all the genes analyzed, different subsets of genes displayed disparate responses to 4SC-202 treatment. Unexpectedly, the set of 4SC-202-induced genes displayed a significant enrichment of MYC and BRD4 occupancy. BRD4 is an acetyllysine reader and acts as a transcriptional activator by promoting the activity of the Positive Transcription Elongation Factor-b (P-TEFb) and transcriptional elongation ([@B67]--[@B69]). Markedly, perturbations in BRD4 or MYC function significantly inhibited the ability of 4SC-202 to induce the expression of genes associated with a differentiated (*KRT80, KLF4*) and epithelial (*CDH1, TJP1*) cell phenotype. Moreover, these effects were specific since *CDKN1A* (encoding p21) and *CD24*, which were not identified as direct BRD4 and MYC targets, were not as dramatically affected by BRD4 or MYC perturbation. Based on these findings we hypothesize that HDACi-mediated induction of gene expression occurs in cooperation with BRD4 and MYC.

MYC is one the most studied human oncogenes and has been frequently associated with tumor growth and progression due to its involvement in a myriad of biological processes including cell growth, proliferation and apoptosis. Interestingly, apart from its oncogenic function in promoting tumor cell proliferation, MYC also stimulates epidermal differentiation in a concentration-dependent manner ([@B70],[@B71]). Similarly, another study uncovered a potential mechanism by which MYC promoted epithelial differentiation of prostate cancer cells by promoting the transient expression of ING4 ([@B72]). It is conceivable that HDACi treatment may somehow attenuate oncogenic MYC function and restore a more physiological differentiation-promoting function of MYC. Additional studies will be necessary to further uncover the importance of MYC and underlying mechanisms in HDACi-induced differentiation of PDAC cells.

Our data revealed that HDACi treatment led to decreased H3K27ac occupancy at some regions distal to the TSS. Recently it was reported that HDAC inhibition leads to reduced BRD4 occupancy at enhancer regions ([@B73]). Interestingly, while our data reveal that HDACi treatment results in decreased H3K27ac occupancy at a subset of distal sites, we could not detect BRD4 at these sites (data not shown). Consistently, the expression of these genes was insensitive to JQ1 treatment, suggesting that different subsets of enhancers are differentially affected by HDACi and BETi. According to these findings we propose a model (Figure [7](#F7){ref-type="fig"}) in which genes induced by HDACi treatment rely primarily on increased BRD4 recruitment to the TSS-proximal region, likely mediated via increased acetylation. In contrast, genes which are down-regulated following HDACi treatment rely upon BRD4-independent distal enhancer regions, which display decreased H3K27ac levels. We hypothesize that these effects may be mediated by decreased recruitment or activity of specific transcription factors, whose function may require deacetylation.

![HDACi-mediated gene activation and repression rely upon distinct mechanisms. Proposed model illustrating distinct mechanisms of action of HDACi leading to gene activation and repression. HDACi-mediated gene activation (left) involves increased recruitment of BRD4 to TSS-proximal regions, resulting in enhanced transcription and subsequently increased expression. In contrast, HDACi-mediated gene repression results from decreased deacetylation at distal enhancer regions, leading to their deactivation and decreased transcription, despite increases in TSS-proximal acetylation.](gkx212fig7){#F7}

Interestingly, while our data show that BRD4 is, in fact, required for the induction of a subset of differentiation-related genes in response to HDACi in PDAC cells, the relationship between HDACi and BETi treatment is complex. Importantly, while BETi show significant effects in monotherapy ([@B74],[@B75]), a recent study demonstrated a synergistic anti-tumor effect of BETi and HDACi combination therapy in an established PDAC genetically engineered mouse model ([@B31]). It is conceivable, that the simultaneous targeting of both BRD4-dependent (i.e. BETi-sensitive) and BRD4-independent (i.e. HDACi-sensitive) enhancers may provide synergistic effects on the overall transcriptional profile of PDAC cells, thereby increasing the potency of either treatment alone. Furthermore, the heterogeneity of pancreatic tumors *in vivo*, in which the cellularity of PDAC is low and tumors display a high stromal content, results in a significantly higher complexity involving interactions and activity of tumor cells, cancer-associated fibroblasts and immune cells, which cannot adequately be recapitulated *in vitro*. Thus, in order to gain additional insight into the relationship between HDACi and BETi in PDAC additional transcriptome- and genome-wide studies *in vitro*, accompanied by corresponding *in vivo* studies, will be necessary to uncover both molecular mechanisms of action as well as the suitability of combination therapy for clinical application.

In conclusion, we have identified an unexpected functional importance of BRD4 and MYC in eliciting the HDACi-mediated effects on the induction of gene expression, thereby revealing a previously unknown mechanism by which perceived oncogenic transcriptional regulatory mechanisms may potentially be exploited for anti-tumor therapy.
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